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Landau level broadening mechanisms in electrically neutral and quasineutral graphene were in-
vestigated through micro-magneto-Raman experiments in three different samples, namely, a natural
single-layer graphene flake and a back-gated single-layer device, both deposited over Si/SiO2 sub-
strates, and a multilayer epitaxial graphene employed as a reference sample. Interband Landau level
transition widths were estimated through a quantitative analysis of the magnetophonon resonances
associated with optically active Landau level transitions crossing the energy of the E2g Raman-active
phonon. Contrary to multilayer graphene, the single-layer graphene samples show a strong damping
of the low-field resonances, consistent with an additional broadening contribution of the Landau
level energies arising from a random strain field. This extra contribution is properly quantified in
terms of a pseudomagnetic field distribution ∆B = 1.0− 1.7 T in our single-layer samples.
PACS numbers: 73.22.Lp, 71.70.Di, 78.67.-n, 78.30.Na
I. INTRODUCTION
The singular half-integer quantum Hall effect in
graphene is a direct consequence of the characteristic
Landau levels (LLs) predicted by the Dirac equation.
Although sharp levels are required to reinforce the man-
ifestation of this effect, limited information on the most
relevant mechanisms leading to broadening of quantized
electronic levels in graphene samples is presently avail-
able. The quantized energies for the linear electronic
bands around the Dirac points in graphene are En =
sgn(n)vF
√
2e~B|n|,1 where the index n = 0, ±1, ±2,
..., vF is the Fermi velocity, and B is the magnetic field
perpendicular to the carbon sheet. Ideal graphene, i.e.,
a perfectly flat, isolated, defect-free and strain-free layer,
is expected to show sharp LLs at low temperatures, with
small intrinsic broadening (δEn . 1 meV for B = 4 T)
due to carrier-carrier, carrier-light, and carrier-phonon
interactions.2 On the other hand, real samples show im-
perfections that are characteristic of the sample produc-
tion method, leading to LL broadening and consequent
damping of the effects associated with the Dirac equa-
tion. A proper understanding of the main mechanisms of
extrinsic LL broadening is therefore desirable and should
help in the quest for optimized graphene samples with
reinforced quantum relativistic effects.
As detailed below, the mechanisms of LL broadening
may be pinned down by a quantitative analysis of the
B dependence of the LL width. Such information can
be achieved by direct observations of the LLs by scan-
ning tunneling spectroscopy,3,4 infrared absorption,5–8
and Raman scattering.9–11 Alternatively, the broaden-
ing of LLs may be conveniently studied by an analy-
sis of phonon Raman scattering, which is a versatile
and widespread technique that probes structural and
electronic properties of graphitic samples.12,13 In fact,
electron-phonon interaction in graphene leads to magne-
tophonon resonances (MPRs) when the energy of an op-
tically active LL transition obeying |n| − |m| = 1 crosses
the energy of the E2g Raman-active phonon,
14–16 caus-
ing oscillations of the phonon energy and linewidth. Sev-
eral works have reported the MPRs from Dirac fermions
in graphene and graphitic samples.9,17–23 For electrically
neutral graphene, the MPRs are described by17
˜2 − 20 = 4λ0e~Bv2F
∞∑
k=0
[
Tk
(˜+ ıδk)
2 − T 2k
+
1
Tk
]
(1)
where 0 stands for the phonon energy in the absence
of magnetic field; λ is the electron-phonon coupling pa-
rameter; and Tk = vf
√
2e~B
(√
k +
√
k + 1
)
describes
the energy of interband LL transitions, with index k, for
|n| − |m| = 1, in which n and m are labels for the initial
and final Landau levels involved in the transition; and
δk represents the LL broadening parameter, which is of
particular significance to the present work. The real and
complex parts of ˜ = − ıΓ yield the phonon energy and
broadening from the electron-phonon coupling, respec-
tively. Comparison between Eq. (1) and the E2g phonon
energy and linewidth experimentally obtained as a func-
tion of magnetic field allows one to extract sample-related
parameters such as vF , λ, and δk. In this work, the MPRs
of three distinct graphene samples, namely, a multilayer
epitaxial graphene (MEG), a single-layer graphene (S1)
deposited over a SiO2 substrate, and a back-gated single-
layer device (S2), were quantitatively analyzed by means
of Eq. 1 in order to extract information on the broaden-
ing δk parameter. The distinct behavior of δk as a func-
tion of the resonance index k found for MEG, S1, and S2
samples allowed us to identify an additional LL broad-
ening mechanism for single layers that is not present in
MEG, associated with random strain field.
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2II. EXPERIMENTAL DETAILS
The MEG sample was obtained by decomposition of
the carbon face of 4H-SiC(0001) substrate in argon at-
mosphere. Sublimation time was 60 min at T = 2048
K. Further details on the preparation and characteriza-
tion of this sample by Raman scattering, atomic force
microscopy, and grazing-incidence x-ray diffraction are
given in a previous work.24 MEG samples are known
to present weak electronic coupling between graphene
layers,25 also showing very small carrier concentrations
of the order of 1010 cm−2 or lower.5,7 The single layer
S1 flake was produced using conventional mechanical ex-
foliation of natural graphene deposited over the 300-nm
SiO2 layer of a Si substrate. The single-layer S2 device
was prepared using the standard scotch-tape method de-
posited over the 285-nm SiO2 grown on top of highly p-
type doped Si wafers. Metallic contacts Cr/Au (1/40 nm)
were patterned by standard electron-beam lithography
and thermal metal deposition. To remove polymer
residues remaining from the lithography processes and
avoid external doping,26 the device was submitted to a
final thermal annealing step at T = 350◦C for 3 h under
H2/Ar (300/700 sccm). The device has a two-terminal
geometry [see Fig. 4(a) below], and electronic measure-
ments were performed using a standard lock-in technique,
applying a current bias of ISD = 100 nA at 17 Hz through
the graphene channel. For the measurements as a func-
tion of the back-gate voltage VBG, the doped Si substrate
was used as the back-gate electrode, and we worked with
safe limits of VBG = 60 V, from which we measured our
devices during days without any leakage current through
the dielectric. The carrier charge mobility was deter-
mined according to the expression µ = ( LWCG )
dG
dVBG
, in
which L and W are, respectively, the length and width
of the graphene channel, CG is the capacitance per unit
of area, and G is conductance.
The micro-Raman and electrical experiments under
magnetic fields were performed using a 15-T optical mag-
netocryostat. The sample, which was fixed to xyz piezo-
electric stages, and objective lens were immersed in a He
gas or superfluid environment. The magnetic field was
applied perpendicularly to the sample surface. The elas-
tic component of the scattered light was rejected by an
edge filter. Some details of the setup are specific for the
experiment on each sample. The experiments on the S1
and MEG samples were performed using a 488-nm Ar-ion
laser, while a 532-nm solid-state laser was employed for
the experiment on S2. For sample S1, a single 1200 g/mm
grating spectrometer with a Peltier-cooled CCD detector
was employed; we used a 40× objective lens with a 200-
µm working distance, resulting in an ∼ 3.5 µm focal spot
diameter. For the experiment on the MEG and S2 sam-
ples, a single 1800 g/mm grating spectrometer coupled
with a liquid-nitrogen-cooled charge coupled device de-
tector was employed; the laser was focused using a 50×
objective lens, with a 7-mm working distance and a spot
size of ∼ 2.5 µm. A 200-µm-diameter optical fiber, which
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FIG. 1: (a) Raman spectra of multilayer epitaxial graphene
on SiC at 5.5 K and zero field. The characteristic graphene D,
G, and 2D bands are indicated. The peak at ∼ 1555 cm−1 is a
spurious signal due to parasitic scattering in the optical fiber.
(b) G band at selected magnetic fields and T = 5.5 K; points
represent experimental data, and solid lines are Lorentzian
curve fittings. (c) E2g phonon energy and full width at half
maximum (FWHM) as a function of magnetic field. Open
and solid symbols represent two sets of data, taken on differ-
ent spots of the sample, both showing a graphenelike single-
peaked 2D band; solid lines represents a simulation according
to Eq. (1) using a single Landau level width δ = 17.6 meV
for all inter-LL transitions.
works as a confocal configuration, was used to transport
the Raman signal to the entrance of the spectrometer for
the experiment on the MEG sample.
III. RESULTS AND ANALYSIS
A. Multilayer epitaxial graphene
MEG samples are well known to show large mag-
netophonon resonance effects at relatively low fields,17
therefore being appropriate to test the methodology em-
ployed here. Sample regions showing graphenelike Ra-
man spectra with the sharpest 2D bands were chosen
for our study. Figure 1(a) shows the Raman spectrum
3at 5 K with the characteristic G and 2D bands, as well
as the defect D band, indicating a small but detectable
degree of structural defects in this sample. A spectral
interval near the E2g mode (G band) is displayed in
Fig. 1(b) for selected applied magnetic fields, revealing
a clear B sensitivity. Single-Lorentzian fits were per-
formed [solid lines in Fig. 1(b)], and the peak energy
and linewidth (FWHM) were extracted for two sets of
data obtained at distinct spot positions on the sample,
yielding reproducible oscillations with field that are sig-
natures of the magnetophonon resonance in graphene
[see Fig. 1(c)].17 An excellent match with experimen-
tal data is obtained if Eq.(1) is employed with the pa-
rameters 0 = 1581.7 cm
−1, vf = 0.985 × 106 m/s,
λ = 4.1 × 10−3, and δk = 17.6 meV for all k [solid lines
in Fig. 1(c)]. A constant phonon linewidth contribution
Γ0 = 8.2 cm
−1, attributed to phonon decay processes not
related to the electron-phonon coupling, was convoluted
with Γ to model the total B-dependent linewidth of the G
band. Overall, the extracted parameters are comparable
to those previously reported for another MEG sample.17
B. Single-layer graphene on SiO2
Figure 2(a) shows the optical image of the S1 single-
layer graphene flake. Figure 2(b) shows the Raman spec-
trum at room temperature with the characteristic G and
2D bands and no sign of the defect-activated D band.
This result indicates the absence of structural defects
within our sensitivity. The G-band Raman spectrum for
selected magnetic fields and T = 5 K is displayed in Fig.
2(c). This band clearly splits in two peaks above ∼ 12 T,
in line with previous reports.21,27 Figure 3 shows the en-
ergy of the G band at 5 K as a function of magnetic field.
For B . 12 T, where a single G band was observed within
our resolution, no magnetophonon resonance could be de-
tected, in stark contrast to the MEG sample. For B > 12
T, one of the components of the split G−band remains at
a nearly constant energy position, while a second com-
ponent follows a preresonant behavior associated with
the k = 1 (n = 0 ↔ ±1) inter-Landau-level transitions
at Bk=1res = 25 − 30 T.21 Note that the peak position of
this field-dependent component follows a similar behav-
ior found for the MEG sample in the higher-field regime
above 12 T [see also Fig. 1(c)]. It is therefore evident
from our results and from the literature21,27 that single-
layer graphene on SiO2 is inhomogeneous and regions
with two distinct behaviors with field are found within
probed areas of a few square micrometers: (i) regions
showing no observable magnetophonon resonance at all
and (ii) regions showing clear manifestations of the main
k = 1 resonance.
The large contrast of the G-band behavior with field
for the MEG and S1 samples is remarkable. Particularly,
the absence of the low field (. 8 T) magnetophonon os-
cillations for the S1 sample does not seem to originate
from structural defects since the defect D band is present
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FIG. 2: (a) Optical image of our exfoliated graphene sample,
obtained using an orange filter. The blue circle indicates the
approximate dimension and position of the laser spot focused
into the single-layer graphene region S1. (b) Raman spectrum
of S1 at room temperature. The G and 2D bands are observed
at 1584 and 2694 cm−1 with full widths at half maxima of
14.3(9) and 25.4(3) cm−1, respectively. The 2D/G peak area
and peak height ratios are 7.2(5) and 4.1(3), respectively. (c)
G band of the single-layer sample at T = 5 K and various
magnetic fields. Solid lines in (b) and (c) are Lorentzian fits
to the observed peaks.
only in the MEG sample. To proceed, we must exclude
the possibility of a small natural doping of the S1 sample
causing a Pauli blocking of the observable LL transitions.
A combined analysis of the peak intensities,28 areas,29
positions, and linewidths28,30 of the G and 2D bands ex-
tracted from the room-temperature Raman spectrum of
the S1 sample reveals an electrically neutral graphene
within experimental error [n0 = (0 ± 1) × 1012 cm−2].
However, since the uncertainty on n0 is relatively large,
we carried out a Raman investigation of the S2 sam-
ple, which is a back-gated device in which the Fermi
level EF can be tuned [see Fig. 4(a)]. Figure 4(d)
shows the electrical resistance of this sample as a func-
tion of VBG for magnetic field varying from B = 0 T to
B = 15 T, showing the expected Landau levels at filling
factors ν = 2, 6, 10 at high fields. The maximum mobility
obtained for this device was 5000 cm2/Vs at B = 0 T.
Note that the neutrality point is reached by applying a
back-gate voltage of VBG ∼ −10 V, indicating a small n-
type natural doping. The transport asymmetry between
electrons and holes that appear in two-probe measure-
ments is believed to be responsible for small deviations
from the expected conductance plateaus G = e2/h. Fig-
ure 4(b) shows the Raman spectrum of S2 at B = 0 T,
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FIG. 3: G-band central positions for the single-layer
graphene sample S1, obtained with fits using a single
Lorentzian below 12 T and two Lorentzians above 12 T [see
also Fig. 2(c)] for data at T = 5 K. The gray area marks an
intermediate-field region where a single peak was employed
in the fit, although a double-peak structure, not resolved in
our data, is likely to be present. Empty and filled circles re-
fer to data sets taken on two independent runs. Dotted blue
and dashed green lines are the simulated magnetophonon res-
onance effect according to Eq. (1) using fixed Landau level
broadening parameters δ = 13.6 and 63 meV, respectively.
The solid red line shows the results of a simulation using Eq.
(1) with the δ parameter dependent on B using ∆B = 1.7 T
and δ0 = 6.3 meV (see text).
T = 300 K, and null gate voltage, where the defect D
band is again absent, attesting to the good structural
quality of this sample. The G band at B = 0 T, T = 300
K, and various gate voltages is shown in Fig. 4(c). This
band shows a clear dependence on VBG, with maximum
linewidth and minimal central energy at VBG ∼ −10 V,
i.e., at the neutrality point (EF = 0) shown by transport
measurements at the same experimental conditions. This
is consistent with results shown in the literature.30
The inset of Fig. 5 shows the G band of sample S2
at T = 2 K and B = 0 and 14 T, taken with VBG =
−8 V, which was the neutrality point for the conditions
of this measurement at low T . As observed for sample
S1 [see Fig. 2(b)], this band splits into two peaks at
high B. Figure 5 shows the B-dependence of the energy
central position of the observed peaks at the G band of
the S2 device. Remarkably, the results for the S2 G band
with EF = 0 are very similar to those acquired for the
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FIG. 4: (a) Optical image of device S2. (b) Raman spec-
trum of S2 at ambient conditions. The 2D band is typical
of single layers with one Lorentzian component and FWHM
of ∼ 30 cm−1. (c) Gate response of the G band for some
back-gate voltages at room T . Minimum peak position oc-
curs around −10 V. (d) Conductance as a function of gate
voltage up to 15 T at T = 10 K. The minimum conductivity
occurs at about −10 V for B = 0 T, and plateaus are present
at high B.
unprocessed sample S1 (see Fig. 3), demonstrating that
the absence of the low-B MPR in single-layer graphene
deposited on SiO2 substrates is not explained by natural
doping.
Insight into the damping of the low-field resonances
for single layer graphene is gained by an analysis of Eq.
(1) as a function of the δk parameters related to the
LL transition widths. In Fig. 3, the dashed and dot-
ted lines show the calculated B dependence of the G
band central wave number for two selected values of δ,
assumed so far to be the same for all transition indexes
k. In these simulations, the parameters 0 = 1582 cm
−1,
vF = 1.15 × 106 m/s, λ = 5.5 × 10−3 were employed.
The different Fermi velocity vF for S1 with respect to
the MEG sample is consistent with a previous observa-
tion of sample-dependent vF due to different strengths
of electron-electron interactions11 for S1 and MEG sam-
ples. For δ = 13.6 meV, the high-B preresonant be-
havior observed for one of the G−band components is
captured. However, if the same δ is used for the other
LL transitions, the resonance at 3.8 T associated with
the n = −1→ 2 and n = −2→ 1 LL transitions remains
prominent and would be clearly visible within our reso-
lution. If, on the other hand, a much larger δ = 63 meV
is employed in the simulations, all the magnetophonon
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FIG. 5: G-band energy as a function of magnetic field for
sample S2 at T = 10 K and VBG = −8 V (neutrality point).
The red line is a simulation including a pseudomagnetic field
distribution ∆B = 1.0 T. The inset shows the G band at
B = 0 and 14 T, where a two-peak line shape is evident.
resonances are washed out, including the observed pre-
resonant behavior in the field range B >12 T. We con-
clude that, while the B−independent component of the
G band observed in single-layer graphene on SiO2 may be
attributed to sample regions showing a very large δ value,
the behavior observed for the B−dependentG-band com-
ponent cannot be explained by single-δ magnetophonon
resonances. In fact, a much larger δk for the low-field res-
onances (k ≥ 2) with respect to the main one (k =1) is
necessary for Eq. (1) to capture the observed behavior of
the B−dependent G-band component of our single-layer
graphene samples.
IV. DISCUSSION
Our experimental data indicate that for MEG the LL
broadening parameter δk in the magneto-phonon reso-
nance [Eq. 1] is actually independent of k, while for
single-layer samples δk increases with k. We proceed
with a discussion on the significance of these observa-
tions. As mentioned above, the manifestations of MPRs
in the Raman spectra occur at fields Bkres where the
interband LL energy difference equals the G-band en-
ergy, i.e., EG−band = vF
√
2e~Bkres(
√|n|+√|n+ 1|). In
other words, in this experiment distinct LL transitions
are probed at the same energy but different magnetic
fields. The observation of a LL broadening parameter
δ that is independent of the transition index k indicates
that the LL width is proportional to its energy. Since the
LL energy is in turn proportional to
√
B, this conclusion
is consistent with direct measurements of LL widths as a
function of B for MEG samples, where a
√
B dependence
is found for the LL widths.7,8 Recent theoretical work
analyzed different microscopic mechanisms of LL broad-
ening and attributed this
√
B dependence to an extrinsic
mechanism involving scattering of the charge carriers by
impurities.2 In fact, intrinsic mechanisms such as scatter-
ing from carrier-carrier, carrier-light, and carrier-phonon
interactions cannot explain the relatively large LL broad-
ening observed for MEG (δk/Ek = 0.09 for our sample).
We should mention that an additional extrinsic mecha-
nism of LL broadening involving fluctuations of vF from
layer to layer may also lead to the same behavior with
constant δk/Ek ratio since the LL energy is proportional
to vF . In fact, it is well established that vF is dependent
on a residual interaction with the substrate or neighbor-
ing graphene layers, reaching maximum values for sus-
pended single layer graphene samples,31 making Fermi
velocity fluctuations a plausible source of LL broadening
in MEG.
For single layers, it is evident that an additional extrin-
sic mechanism must be present to account for the index-
dependent broadening that washes out the resonances
with k ≥ 2. We suggest that such a mechanism is associ-
ated with strain fluctuations. In fact, while for MEG
samples the graphene layers are self-protected, strain
fluctuations associated with corrugation of single-layer
graphene may be significant. In the absence of a complete
microscopic theory that takes into account the effect of
inhomogeneous strain in the LLs of graphene, we propose
a phenomenological approach that seems to capture the
essential physics. It has been shown that strain leads to a
discretization of the electronic levels in graphene that is
similar to the effect of an external magnetic field.1,32,33
Since strain in single-layer graphene tends to be inho-
mogeneous, it is expected that a distribution of pseudo-
magnetic fields takes place, which would introduce a cer-
tain standard deviation ∆B in the effective magnetic field
and lead to an obvious pathway to LL broadening. Quan-
titatively, one would have ∆En/En = ∆B/2B.
In order to verify if the broadening mechanisms in-
dicated above are consistent with our observations in
S1 and S2, simulations of the E2g phonon energy and
linewidth according to Eq. (1) were performed consid-
ering the Lorentzian-convoluted parameter δk = δ0 +
(∆B/2Bkres)EG−band, where the k-independent term δ0
accounts for the combined effect of impurity scattering
and Fermi velocity distribution. Reasonable matches
with experimental data for the B-dependent component
of the G band are obtained using δ0 = 6.3 meV and
∆B = 1.7 T for sample S1 (solid line in Fig. 3) and
δ0 = 6.3 meV and ∆B = 1.0 T for sample S2 (solid line
in Fig. 5). This result is consistent with the hypothe-
sis that the LL broadening that damps the resonances
at low fields in single-layer samples indeed arises from
inhomogeneous strain fields that are not present in the
MEG sample. Indeed, it is known that the pseudomag-
netic fields associated with such strain fields could reach
values up to tens of teslas in extreme cases;34 therefore
the obtained ∆B = 1.0 and 1.7 T for our single layer
samples on SiO2 are reasonable values. Also, the results
of magnetophonon resonance on single-layer graphene en-
6capsuled on hexagonal boron nitride by Neumann et al.
could be fit only by using increasing δk parameters for
increasing transition indexes k.23 Applying our model to
those parameters one could conclude that their encap-
sulated sample yields ∆B ≈ 0.4 T, significantly smaller
than for our samples deposited on SiO2, as expected.
Finally, we should mention that the MPR resonances
may also be influenced by sample-dependent electron-
electron Coulomb interactions in a nontrivial way.11 In-
deed, these interactions might be responsible for offsets
in the MPR fields with respect to those given by the one-
electron Dirac equation. However, these interactions, if
homogeneous, are not expected to account for the wash-
ing out of the low-field magnetophonon resonances in the
single-layer graphene samples studied here. On the other
hand, inhomogeneities on electron-electron interactions
are possible causes of Landau level broadening, which
would likely be interconnected with the inhomogeneous
strain fields. This would potentialize even further the in-
fluence of the latter on damping the Landau levels at low
fields.
V. CONCLUSIONS
In summary, a comparative analysis of the magne-
tophonon resonances in single- and multilayer graphene
samples indicated an additional extrinsic LL broaden-
ing mechanism for single-layer (and possibly few-layer)
graphene associated with inhomogeneous strain. This
mechanism becomes more important at lower magnetic
fields.
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